originally cloned from a mouse brain cDNA library based ( Figure 1 ). These currents activate when the membrane is hyperpolarized from a holding potential of Ϫ40 mV to on its interaction with the SH3 domain of a neural spetest potentials below Ϫ80 mV (Figures 1A and 1B) . The cific isoform of Src (Santoro et al., 1997) . First, the deinward currents turn on with a relatively slow time course duced amino acid sequence of mBCNG-1 (originally at less negative potentials, but their rate of activation termed BCNG-1 by Santoro et al.) reveals it to be a speeds up with increasing levels of hyperpolarization member of the superfamily of voltage-gated K channels (Figures 1A, 1E, and 1F) . Upon return to the holding (Jan and Jan, 1997) , but with an unusual pore. Second, potential (Ϫ40 mV), the currents deactivate relatively the carboxy terminus has a conserved cyclic nucleotidequickly, generating a decaying, inward tail current (Figbinding (CNB) domain that is homologous to CNB doure 1C). mains of protein kinases (Shabb and Corbin, 1992) and Hyperpolarizing steps to Ϫ130 mV typically activate the cyclic nucleotide-gated channels (Zagotta and Siegel- between Ϫ20 pA and Ϫ200 pA of current among the baum, 1996). This suggests its gating may be directly Ͼ50 different patches from which we have recorded regulated by cyclic nucleotides. Third, both mBCNG-1 (patches with less than 5 pA of current were frequently mRNA and protein are widely expressed in brain.
observed but could not be analyzed). Such currents Here we report the functional expression of mBCNG-1
were not observed in uninjected control oocytes or in in Xenopus oocytes. Patch clamp recordings clearly oocytes injected with cRNA encoding the bovine rod demonstrate that this gene encodes a hyperpolarizaphotoreceptor CNG channel, a voltage-independent tion-activated cation channel that is identical in its four channel that is activated by cGMP (data not shown). As key properties to the endogenous pacemaker channel the single-channel conductance of I f is around 1 pS of brain and also bears considerable similarity to that (DiFrancesco, 1986) , we estimate that these patches of the heart. Moreover, we report partial cDNA clones ‫2-1ف(‬ m 2 membrane area) typically contain 50-1500 coding for three additional members of the BCNG family mBCNG-1 channels, indicating a robust level of expresfrom mouse brain 3, 4) . These three addision. The absence of discernible single-channel currents tional clones are also expressed in a variety of other in patches that display low current densities (Ͻ2pA), is tissues, including the heart. Because of the potential consistent with mBCNG-1 channels displaying the small clinical importance of this gene family, we have also single-channel conductance of the native pacemaker isolated and characterized two human clones that are channels. highly conserved with and show similar expression patBoth the time course of activation upon hyperpolarizaterns to mBCNG-1 and mBCNG-2. Thus the BCNG chantion and time course of deactivation upon return to the nel genes may encode not only for pacemaker channels holding potential show characteristic sigmoidal kinetics of the brain, but they may also encode for a family of ( Figures 1C and 1E ), similar to those reported for the I f channels that are widely expressed in a variety of tiscurrent in native cells (DiFrancesco, 1984) . Following sues, including the heart. an initial lag, the time course of activation could be approximated by a single exponential function ( Figure  1E ), the time constant of which decreases from 290 Ϯ Results 37 ms at Ϫ105 mV (mean Ϯ SEM, n ϭ 5) to 98 Ϯ 14 ms (n ϭ 5) at Ϫ130 mV ( Figure 1F ). The location and deduced amino acid sequence of
The steady-state voltage-dependence of activation mBCNG-1, a gene that encodes a novel member of the was determined by hyperpolarizing the membrane to superfamily of voltage-gated K channels, suggested to various test voltages ( Figure 1C ). The relative magnitude us that it might encode the hyperpolarization-activated of the decaying inward tail current upon return to the pacemaker-type channel present in brain. To test this holding potential of Ϫ40 mV provides a measure of the idea directly, we synthesized mBCNG-1 cRNA, exfractional activation of the current during the preceding pressed it in Xenopus oocytes, and analyzed the funchyperpolarization. The peak tail current amplitudes tional properties of the expressed channels in cell-free show a sigmoidal dependence on the test voltage (Figmembrane patches. The native brain pacemaker chanure 1D). They begin to activate at potentials negative to nel has four distinctive properties: (1) It is activated with Ϫ80 mV and reach maximal activation with steps to slow kinetics by hyperpolarization, (2) it is a cation chanbetween Ϫ110 and Ϫ120 mV. Fits of the Boltzmann nel that selects weakly for K relative to Na, (3) it is equation to this relation (Experimental Procedures) yield blocked by external Cs but not by Ba, and (4) it is directly estimates of the voltage at which mBCNG-1 is half maximodulated by intracellular cAMP. We demonstrate bemally activated (V 1/2 ϭ Ϫ99.9 Ϯ 0.8 mV, n ϭ 5) as well low that expression of mBCNG-1 generates channels as the slope of the relation between voltage and activawith each of these four properties.
tion (e-fold change for Ϫ6.0 Ϯ 0.7 mV, n ϭ 5).
Functional Expression of mBCNG-1 in Xenopus
The mBCNG-1 Current Is Carried by K and Na Oocytes Reveals a Hyperpolarization-Activated Native pacemaker channels are weakly selective for K Cation Current Similar to the Native over Na, exhibiting typical reversal potentials of around Neuronal Pacemaker Current Ϫ30 mV under physiological gradients of Na and K. Patches obtained from oocytes injected with mBCNG-1
To demonstrate that the mBCNG-1 current is indeed cRNA display hyperpolarization-activated ionic currents mediated by cation-conducting channels, we measured the reversal potential of these currents under conditions that resemble those seen in native neuronal pacemakers reversal potential (-34.9 Ϯ 3 mV, n ϭ 2), which would be expected for a Ca-selective channel.
The reversal potential that we determined for the mBCNG-1 current is also clearly distinct from the value of 0 mV expected for a current carried by chloride ions. This point is important as Xenopus oocytes contain endogenous hyperpolarization-activated Cl channels whose level of expression can change upon expression of cRNAs (Tzounopoulos et al., 1995) . To rule out a role for Cl further, either as a charge carrier through mBCNG-1 channels or as a current that contaminates our measurements of mBCNG-1 currents, we replaced the internal Cl by aspartate, an anion that does not permeate most Cl channels. This is expected to shift the Cl equilibrium potential to Ϫ78 mV. Although Cl replacement altered the magnitude of the mBCNG-1 current (similar to that previously reported for the native I f channels- Frace et al., 1992) , it did not cause a negative shift in the reversal potential (Figures 2B and 2C ; there may be a small positive voltage shift that might be due to changes in liquid junction potential or K ion activity). We thus conclude that mBCNG-1 does indeed code for a hyperpolarization-activated cation channel that is permeable to K and Na, similar to native I f and I h currents. Based on the measured reversal potential and the Goldman-HodgkinKatz equation, the channel is 4-fold more permeable to K than to Na, similar to the ratio in native pacemaker channels.
The mBCNG-1 Current Is Blocked by External Cs but Not by External Ba
A characteristic feature of the pacemaker channel that (DiFrancesco, 1982; Noma et al., 1983) . At the same mBCNG-1 current. Test potentials ranged from Ϫ60 to ϩ20 mV inlarization-activated Cl channels, had little effect ( Figure  3A ; mean percent inhibition ϭ 0 Ϯ 5, n ϭ 3). The fact that mBCNG-1 channels are largely blocked by Cs also of symmetrical Cl concentrations but asymmetric conindicates that our current measurements are not concentrations of K and Na that approximate their physiotaminated to any significant extent by endogenous oological gradients (Figures 2A and 2C ). We find that the cyte Cl channels (Barish, 1983; Tzounopoulos et al., 1995) reversal potential of the mBCNG-1 current occurs at or stretch-activated cation channels (Yang and Sachs, Ϫ31.8 Ϯ 1.6 mV (n ϭ 4), very close to the expected value 1990), neither of which are blocked by external Cs. (Figure 2 ). As the above measurements were obtained in the absence of added Ca, we next explored the possibility that these channels may be converted to Ca-selecmBCNG-1 Channels Are Directly tive channels in the presence of external Ca, similar to Modulated by cAMP voltage-gated calcium channels (Hess and Tsien, 1984) .
Previous studies on native pacemaker channels have However, we find that addition of 1 mM Ca to the external shown that direct application of cAMP and/or cGMP to cell-free inside-out patches can increase the size of the NaCl solution did not cause any positive shift in the (A) mBCNG-1 current records from an outside-out patch. Currents at the holding potential (Ϫ40 mV) and in response to a step to Ϫ130 mV are superimposed. The sequential records were obtained when the extracellular surface was exposed to the KCl/NaCl-CaCl2 solution (control), or solutions in which 2 mM CsCl isoosmotically replaced NaCl or 1 mM BaCl 2 replaced the CaCl2. The intracellular solution was KCl/NaCl-EGTA. If current elicited by a submaximal hyperpolarization, Moreover, in the four patches in which we could record full activation curves after washout of cAMP, the shift due to a shift of the activation curve to more positive potentials (DiFrancesco and Tortora, 1991) . We observe was shown to be reversible. The voltage shift is also observed when the individual activation curves from the a qualitatively similar effect with the mBCNG-1 channels ( Figure 4 ). Thus, in response to bath application of cAMP five separate experiments are averaged to obtain the mean activation curves in either the absence or presto the internal surface of an inside-out patch, there is a reversible increase in the magnitude of the inward curence of cAMP ( Figure 4D ). Although the averaging procedure tends to obscure the effects of cAMP due to rent during a step to Ϫ100 mV. The increase in current is observed in response to 1 M, 30 M, or 3 mM cAMP small variability in the control activation curves among different patches, the difference between the curves ( Figures 4A and 4B ).
This effect of cAMP is due to a small, but reproducible, is still significant (P Ͻ 0.05; two-way ANOVA with one repeated measure, F(3,6) ϭ 11.56). Furthermore, the shift positive shift in the steady-state activation curve of these channels by 2 mV ( Figure 4C ; mean ϭ 1.8 Ϯ 0.3 we observe here with cAMP is nearly identical to the shift observed for pacemaker channels in the hippocampus mV, n ϭ 5). Although this effect of cAMP is small, it was consistently observed in 5 out of 5 patches and found (Pedarzani and Storm, 1995) , a region where mBCNG-1 is highly expressed (Santoro et al., 1997) . As there was to be statistically significant (P Ͻ 0.001; paired t test). (C) Tail current activation curves in the absence and presence of 1 M cAMP for the patch shown in (A). Data were analyzed and plotted as described in Figure 1D . Curves fit by Boltzmann relation with following parameters: 0 M cAMP, V 1/2 ϭ Ϫ100 mV, slope ϭ Ϫ5.4 mV, and I tail, max ϭ Ϫ33.8 pA; and 1 M cAMP, V 1/2 ϭ Ϫ98 mV, slope ϭ Ϫ5.3, and I tail, max ϭ Ϫ33.7 pA. (D) Mean tail current activation curves for patches in absence (open circles) and presence (closed circles) of cAMP. Data averaged from five patches (as in Figure 1D ). cAMP concentrations range from 1 to 3000 M. For cAMP, V 1/2 ϭ Ϫ98.3 mV, slope ϭ Ϫ6.0 mV (control values given in Figure 1D ). Predicted structure of mBCNG-1 (Santoro et al., 1997) with six transmembrane domains (S1-S6), pore region (P), cyclic nucleotide binding site (CNBs), and a long C-terminal tail, including a polyglutamine stretch (Q). The predicted sequences encoded by the partial cDNA clones of three other mouse and two human BCNG genes are shown in a tentative alignment to mBCNG-1. Lines with doubleheaded arrows above the sequences indicate that the fragment was obtained from a cDNA library (gt10 or pJG4-5), RT-PCR reaction, or EST database. Dashed lines with doubleheaded arrows underneath the sequences indicate the position of probes used in this study (see Experimental Procedures). Hatched box in the 5Ј region of mBCNG-4 indicates the position of the probable intron in the M28-EST clone.
no ATP or GTP in the internal solutions, cAMP is likely of the identified cDNA clones were subsequently obtained by library screening or RT-PCR cloning. A scheto act by directly binding to the channels. matic representation of the mouse and human BCNGBased upon the above observations, we conclude encoded sequences identified so far is presented in that the hyperpolarization-activated current observed Figure 5 . upon mBCNG-1 expression represents expression of a pacemaker channel with voltage dependence, ionic selectivity, ionic blocking properties, and second mesPredicted Amino Acid Sequence of the Conserved senger modulation similar to the native brain pacemaker BCNG Channel Family channels.
The deduced, integrated, partial sequences obtained so far for the mBCNG-2, mBCNG-3, and mBCNG-4 encoded proteins are shown in Figure 6 and are tentatively Identification of a Family of BCNG Genes aligned to the previously reported full-length sequence Since mBCNG-1 is expressed only in brain, we wonof mBCNG-1 (Santoro et al., 1997). All of the identified dered whether other related genes may be expressed sequences (except mBCNG-4) contain the conserved in different tissues, including the heart. We have isomotifs of a voltage-gated potassium channel (Jan and lated partial cDNA clones for three additional mouse Jan, 1997) , including the S1-S6 transmembrane segand two human genes encoding regions homologous to ments, a charged S4 voltage-sensor, and a pore-lining mBCNG-1. Partial cDNA clones representing two mouse P loop. In addition, all BCNG family members contain genes (mBCNG-2 and mBCNG-3) were isolated while a conserved cyclic nucleotide-binding domain in their screening for full-length mBCNG-1 products, and a carboxy terminus. It is interesting that both mBCNG-1 fourth mouse gene (mBCNG-4) as well as two human and mBCNG-2 contain a serine residue in their cytogenes (hBCNG-1 and hBCNG-2) were identified followplasmic carboxy terminus that lies within a consensus ing an EST database homology search, using the protein site for PKA phosphorylation (Figure 6 , arrow) whereas mBCNG-4 does not contain this site. The absence or sequence of mBCNG-1 as a query. Further extensions presence of the PKA site on different channels may explain why the cardiac Purkinje fiber channel is regulated by PKA phosphorylation (Chang et al., 1991) whereas the sinoatrial node channel is directly regulated by cAMP (DiFrancesco and Tortora, 1991) .
The three mouse proteins are closely related to each other, having a similarity of 84%-86% over the hydrophobic core region (amino acids 111-419, numbered according to mBCNG-1). Notably, mBCNG-2 and mBCNG-3 are more closely related to each other (89% similar) than either is to mBCNG-1. As far as a limited alignment could show, mBCNG-4 appears to be the most distantly related protein in the group (amino acids 529-592), having a similarity of 79% to mBCNG-1. The 308 amino acid-long core region of the hBCNG-1 protein, extending from the S1 through the S6 transmembrane segments, is 100% identical to mBCNG-1, while the core region of the hBCNG-2 protein is 98% similar to mBCNG-2.
Tissue Distribution of BCNG mRNA Expression
Northern blot analysis showed individual patterns of tissue distribution for each of the identified clones and a high correspondence in the transcript and localization patterns between homologous mouse and human clones (Figures 7 and 8) . The expression of mBCNG-1 appears to be largely restricted to the brain (Figure 7 ; probe q1, see Figure 5 ), as previously reported using a distinct amino terminus probe (probe q0; Santoro et al., 1997). In contrast, mBCNG-2 and mBCNG-3 are expressed in the brain as well as in the heart (Figure 7 ). Hybridization The homologous mouse and human BCNG genes are likely to be functionally similar since they exhibit very similar patterns of tissue expression as revealed by derived RNA may indicate expression of hBCNG-2 within Northern blot analysis. Figure 8 shows that a probe glial cells. designed within the hBCNG-1 sequence recognized four If the BCNG-2 and BCNG-3 genes expressed in heart transcripts in human brain poly(A) ϩ RNA, similar to that do indeed code for pacemaker channels, we would exseen in the mBCNG-1 Northern blot (Figure 7 and Sanpect them to be expressed in the cardiac tissues in toro et al., 1997). Weak hybridization signals are also which pacemaker channel activity has been reported. detected for hBCNG-1 in human muscle and pancreas.
Although the sinoatrial node is the primary pacemaking Northern blot analysis using a probe based on the tissue of the heart, latent pacemaker activity is found hBCNG-2 sequence showed an expression pattern that in both atrial (Thuringer et al., 1992; Zhou and Lipsius, is highly consistent with the expression pattern of 1992) and ventricular (Yu et al., 1993; Robinson et al., mBCNG-2 (Figure 8 ; compare with Figure 7 ). An abun-1997) muscle. However, the voltage dependence of actidant 3.4 kb transcript is detected in the brain, and the vation of the channels in the regions outside of the node same transcript is also present in the heart. is normally shifted to very hyperpolarized, nonphysioThe analysis of the distribution of mBCNG-1 within logical potentials. In accord with this observation of a the mouse brain (Santoro et al., 1997) revealed that the widespread occurrence of pacemaker channels throughhighest expression of mBCNG-1 occurs in the cortex, out the heart, we find that primers that amplify both hippocampus, and cerebellum. Northern blot analysis mBCNG-2 and mBCNG-3, but not mBCNG-1, generate of the hBCNG-1 mRNA distribution within different brain RT-PCR products from ventricular, atrial, and sinoatrial regions also showed a differential expression of the gene, node mRNA ( Figure 9A ). To establish the relative expreswith the highest levels present in cortical structures (hipsion of mBCNG-2 and -3 within each of these regions pocampus and amygdala; Figure 8 ). hBCNG-2 shows a of the heart, we performed a Southern blot analysis on more uniform level of high expression in all brain structhe RT-PCR products. Hybridization with probes that tures, suggesting a more ubiquitous role. In particular, specifically recognize mBCNG-2 or mBCNG-3 demonstrate that the predominant species within the RT-PCR the strong hybridization signal in corpus callosum- current in the heart (If). Although we have no direct evidence that the members of the BCNG channel family expressed in heart code for cardiac pacemaker channels, the tissue distribution and sequence similarity of iary, non-pore-forming ␤ subunits that modify the funcMolecular size markers are indicated on the left.
tion of the channel. It is possible that mBCNG-1 may be more potently modulated by cAMP when it combines with additional subunits. Alternatively, there may be inproduct, and hence the analyzed cardiac regions, is herent differences in the efficacy with which cAMP modmBCNG-2 ( Figures 9B and 9C) .
ulates different BCNG family members. In support of this latter possibility, the cAMP-dependent shift of I h in hippocampal neurons, where BCNG-1 is prominently Discussion expressed (Figure 8 and Santoro et al., 1997), is only 2-3 mV (Pedarzani and Storm, 1995) , almost identical Identification of a Pacemaker Channel Gene for Brain to the shift observed here. This contrasts with the 10 mV shift reported for If in the sinoatrial node (DiFranThe distinct sequences and tissue distributions of the identified BCNG genes reveals that the BCNG products cesco and Tortora, 1991) and the 4-6 mV shift of Ih in sensory neurons (Ingram and Williams, 1996) . The represent a family of ion channel proteins, with characteristic motifs for voltage sensing and cyclic nucleotide relatively rapid activation kinetics of mBCNG-1 also make it more similar to the rapidly activated hippocambinding. These genes are predominantly located in brain and in heart. When expressed in Xenopus oocytes, the pal channel (Halliwell and Adams, 1982; Maccaferri et al., 1993; Pedarzani and Storm, 1995) than to the more mBCNG-1 channel gives rise to a hyperpolarization-activated cation channel whose properties closely correslowly activating cardiac channels. It is an intriguing possibility that differences in cAMP efficacy may be spond to those of the brain channel (I h or I q ). In turn, these properties are quite similar to those of the pacemaker related to the phosphorylation state of the serine residue in the PKA consensus site within the cyclic nucleotide or genetic mutations underlie inherited or acquired neurological disorders or diseases of automaticity? With binding domain of the BCNG-1 and BCNG-2 subunits. our identification that the BCNG genes code for CNS and, perhaps, cardiac pacemaker channels, it should Two Important Differences from Classic now be possible to determine whether certain familial Voltage-Gated Channels Endow the sinus rhythm diseases (Spellberg, 1971 ) are due to primBCNG-1 Channel with Its mary defects in the pacemaker channel. Defects in Characteristic Properties pacemaker channel function could also contribute to Despite the sequence similarity between the BCNG acquired diseases of the heart, such as sick sinus synchannels and other voltage-gated K channels, there are drome associated with atrial fibrillation, sinus tachycartwo important functional differences. First, most voltdias, and bradycardias (Bigger and Reiffel, 1979) , and age-gated K channels are usually activated by depolarventricular arrhythmias associated with heart failure ization. The opposite voltage-dependent polarity of the (Cerbai et al., 1994 (Cerbai et al., , 1997 . mBCNG-1 channels occurs despite the presence of a
The existence of multiple genes coding for regionally highly charged, basic S4 voltage-sensing domain. Secspecific channels offers the intriguing possibility of deond, whereas most members of the K channel family veloping therapeutic agents that would specifically tarare at least 100-fold selective for K ions over Na ions, get, for example, cardiac rather than brain pacemaker the mBCNG-1 channels, like the native pacemaker chanchannels. Conversely, the importance of pacemaker acnels, are only 4-fold selective for potassium versus sotivity in the brain for arousal and perhaps perceptual dium. The BCNG channels do, however, contain a P awareness might make these brain channels interesting region that is similar to P regions of other K-selective targets for pharmacological manipulation. Finally, conchannels. We discuss possible mechanisms for these troversies as to the precise role of the pacemaker chandifferences below. nels in the electrical activity of both the brain and heart How can the BCNG channels activate upon membrane should now be amenable to the powerful approaches hyperpolarization rather than depolarization, despite the of mouse genetics. presence of an S4 segment? A similar reversed polarity of voltage-dependent activation has been reported for the S4-containing KAT1 voltage-gated potassium chan-
Experimental Procedures
nel of plants (Schachtman et al., 1994) . One relatively simple mechanism that can explain the voltage-gating
Library Screening and RT-PCR Cloning
Standard manipulations of Escherichia coli, lambda phages, and properties of KAT1 and mBCNG-1 channels is provided nucleic acids, including recombinant DNA procedures, were perby the study of Miller and Aldrich (1996) on Shaker K formed essentially as described (Sambrook et al. 1989). channels, which normally activate rapidly and then
The first fragment of mBCNG-2 cDNA was cloned as a product inactivate rapidly upon depolarization. These authors of PCR reactions designed to isolate full-length mBCNG-1 cDNA showed that S4 point mutations that shift the activation (Santoro et al., 1997) . This fragment corresponded to aa 234-430 of the mBCNG-2 sequence (numbering here and throughout acgating reaction to very negative potentials (well below cording to mBCNG-1, see Figure 6 ) and was used to screen a mouse the resting potential) transformed the Shaker K channels translational modification, changes in gene expression, or 28REV, 5Ј-CACCKCRTTGAAGTGGTCCACGCT-3Ј (correspondoffset. All recordings were obtained at room temperature (22ЊC-24ЊC). ing to aa 554-561). For human genes, reactions were performed (25 times for 45 s at 94ЊC, 20 s at 58ЊC, and 3 min at 72ЊC) on poly(A) ϩ Voltage clamp protocols were applied using a P/N protocol to subtract uncompensated linear leak and capacitance using either RNA from human brain and human heart (Clontech, 6516-1 and 6533-1) using the following oligonucleotides: MB1-3, 5Ј-ATGTTCG pClamp software (v 6.0, Axon Instruments, with N ϭ 8) and a Pentium 100 mHz PC computer or the Pulse software (v 8.11, Heka, with GSAGCCAGAAGGCGGTGGAG-3Ј (corresponding to aa 102-110); and H57.C, 5Ј-CAGCTCGAACACTGGCAGTACGAC-3Ј (correspond-N ϭ 10) and a Macintosh Centris 650 computer. Unless otherwise indicated, data were low-pass filtered at 1.25 kHz (8 pole Bessel ing to aa 537-544).
For heart region localization of BCNG-2/3 transcripts, reactions filter, Frequency Devices 902) and digitized at 2.5 kHz using either a TL-1 DMA Interface (Axon Instruments) or an ITC-16 interface were performed on poly(A) ϩ RNA isolated from ventricles, atria, or sinoatrial nodes of rabbit heart (generously provided by Dr. Rich (Instrutech Corp.). Analyses were done using pClamp (v 6.0, Axon Instruments), Pulse (v 8.11, Heka) or Sigmaplot (v 4.0 SPSS Inc.). Robinson), using the following oligonucleotides: BCNG-2/F2, 5Ј-GAG CAGGAGCGCGTCAAGTCGGCG-3Ј (corresponding to aa 112-119);
The current-voltage relationship was obtained by measuring steady-state current values at the end of 3 s voltage steps (current and BCNG-2/R2, 5Ј-GAAGATGTAGTCCACGGGGATGGA-3Ј (corresponding to aa 218-225).
averaged between 2.5 s and 2.95 s). The steady-state activation curve was determined from the amplitude of tail currents observed To determine the specificity of recognition among different family members, the same oligonucleotides were used on plasmid DNAs upon a subsequent depolarizing voltage step to Ϫ40 mV (current averaged between 4-10 ms following the return to Ϫ40 mV). Current that encoded mBCNG-1, -2, or -3 cDNAs (see legend to Figure 9A ). Boltzmann function were then normalized to the maximum ampliFor mouse gene expression studies, a mouse multiple tissue Northtude of the fit. Activation time constants were determined by fitting ern blot (Clontech, 7762-1) was probed with PCR products represingle exponentials to the rising phase of the current after allowing senting the following regions of the mBCNG clones (see schematic for an initial lag. representation in Figure 5A and amino acid numbering in Figure 6 ):
To determine reversal potentials under different ionic conditions, mBCNG-1, probe q1 (corresponding to aa 594-720; Santoro et al.,
inside-out patches held at Ϫ40 mV were stepped to Ϫ130 mV for 1997); mBCNG-2, probe dA (corresponding to aa 234-430); mBCNG-3, 300 ms and then stepped back to a series of test potentials ranging probe 15-7 (corresponding to the mBCNG-3 sequence from startfrom Ϫ60 to ϩ20 mV in 5 mV increments. The peak amplitudes of up to position 319); and mBCNG-4, probe M28 (corresponding to the tail currents were measured by averaging the data between 2 aa 529-607 of the mBCNG-4 sequence plus 180 nt of the mBCNG-4 and 4 ms following the step to the test potential. The sensitivity of 3ЈUTR-this probe was obtained as a gel-purified EcoRI/BglII rethe mBCNG-1 current to external Cs and Ba was determined using striction fragment, 400 bp, from the EST-M28 DNA). For human gene the outside-out patch clamp configuration and measuring the expression studies, a human multiple tissue Northern blot (Clontech, steady-state current values at the end of 1 s steps to Ϫ130 mV
